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Electrical conductivitya b s t r a c t
Cu/Mg-composites, the copper matrix of which contains 1, 7 and 2730 magnesium filaments, were ob-
tained by hyrdoextrusion at room temperature. The structure, mechanical and electrical properties of the
deformed composite rods and thin wires were investigated. The yield strength and electrical resistivity
were theoretically calculated and these estimations were compared with the experimental results. The
XRD-method allowed discovering a change of the lattice constant of the Cu-matrix under deformation of
the composites. It has been concluded that, under severe plastic deformation, a supersaturated Cu-based
solid solution forms on the Cu/Mg-interface. As a result, the strength of the deformed Cu/Mg-composite
with minimal volume fraction but maximal surface area of magnesium is abnormally high. A thick Cu-
sleeve provides low electrical resistivity of this Cu/Mg-composite. The obtained results can be used for
the development of high-strength Cu-based conductors.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Copper-based alloys with high strength and good electrical
conductivity have shown great promise in many fields [1e3]. Se-
vere plastic deformation (SPD) leading to ultrafine grained micro-
structure and nanoscale precipitation of the secondary phase is the).
Ltd. This is an open access article umost commonly used method for strengthening copper alloys. In
recent times, there have been appearing more and more works
investigating the structures and properties of conductive materials
based on the CueMg alloys strengthened by different SPD-methods
[2e4]. Indeed, Mg is a cheap and non-toxic metal with low density.
It is very important because, for example, conductive CueBe alloys
have the highest strength but their disadvantages are toxicity and
high cost [2]. According to Ref. [4], contact wires of the CueMg
alloys have great potential for commercial application, for
example, to satisfy the needs of the high-speed electrical railways.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 2. Schematic diagram showing the process of making composite rods with 1 and
7Mg-filaments in the Cu-matrix.
A.Yu Volkov et al. / Materials & Design 185 (2020) 1082762In contrast to a large number of works concerning CueMg-al-
loys, the studies of Cu/Mg-composites are not so numerous. One of
a few examples is work [5], where Cu/Mg super-laminate com-
posites were investigated in respect of their hydrogen absorption/
desorption properties. Other properties of the composite samples
were not studied in this work. Probably, the main reason that
prevents the researchers from working on the creation of high-
strength Cu/Mg-composites is related to doubts about the possi-
bility of copper matrix reinforcement by introduction of noticeably
less strong Mg-filaments into it.
Two kinds of intermetallic compounds (Cu2Mg and CuMg2) are
observed in the CueMg system (Fig. 1) [6]. Obviously, the eutectic
reactions taking place on the interface will cause changes in
physical and mechanical properties of the Cu/Mg-composites. In
accordance with [7,8], the obtaining of multi-layered sandwiches
based on Ti/Al or Mg/Al/Mg with intermetallic layers between
metals was characterized by a significant improvement of me-
chanical properties. Moreover, it is known that even the immiscible
elements may form supersaturated solid solution as a result of SPD-
processing [9]. It may also be promising because the dissolution of
Mg in the Cu-matrix leads to solid solution hardening, which in-
creases the strength of CueMg alloys up to a high level [2,3].
However, the solid solution formation on the interface of the Cu/
Mg-composites during SPD has not been described yet.
The purposes of this study were (1) to develop a technique for
fabrication of Cu/Mg-composites with various numbers and di-
ameters of Mg-filaments, (2) to clarify the Mg-filament formation
and evolution of the Cu/Mg-interface during the deformation
process, and (3) to reveal the effect of the deformation on the
microstructure, electrical and mechanical properties of these
composites.2. Materials and methods
In this study, there were obtained and investigated composite
rods and wires, which contained 1, 7 and 2730Mg-filaments inside
the Cu-matrix. Further, wewill indicate the numbers of magnesium
filaments in the designations of composites. For example, a com-
posite containing 2730Mg-filaments will be noted as follows: Cu/
2730Mg-composite.
Fig. 2 illustrates the method applied to fabricate Cu/Mg-
composites in the present work. At the first step, we placed a
magnesium workpiece of 12mm in diameter in a Cu-container of
18mm in diameter (see the left part of Fig. 2a). To obtain Cu/1Mg-
composite, this “assembly” was hydrostatically extruded at roomFig. 1. Phase diagram of the CueMg system [6]. Red lines mean the Cu/Mg-ratio in the
composites under investigation.temperature through a die of 10mm in diameter. Then, the
hydroextrusion process was consecutively repeated using dies of
Ø6 mm and Ø3 mm. To fabricate a Cu/7Mg-composite rod, the Cu-
container of 21.5mm in diameter with 7 holes of Ø3 mmwas used
(see the right part of Fig. 2). One hole was located at the center and
other six ones were located about 5.5mm away from the center and
60 away from each other. 7 rods of the Cu/1Mg-composite of
3mm in diameter were tightly inserted into these holes. Then, this
copper-magnesium assembly was consecutively submitted to
hydroextrusion through dies of Ø10 mm, Ø6 mm and Ø3 mm.
The Cu/2730Mg-composite was made by the known method of
accumulative drawing and bundling (ADB) [10]. For this purpose,
an extruded 3-mm rod of Cu/7Mg-composite was drawn to obtain
wire of 0.5mm in diameter. Then, 390 pieces of this thin composite
wire were inserted into the Cu container, it was followed by room-
temperature hydroextrusion repeated three times to obtain a rod of
Ø3 mm (Fig. 3). Finally, the extruded 3-mm rods of Cu/1Mg, Cu/
7Mg and Cu/2730Mg-composites were drawn into wires with
various diameters at room temperature.
Before the hydroextrusion, all Cu-containers, Mg-workpiece and
Cu/Mg-composite wires were preliminary annealed at 200С dur-
ing 3 h. As we showed earlier [11], this thermal treatment leads to
recrystallization of copper. Low-temperature treatment at
150e200С causes some increase in strength and plasticity of pre-
deformedmagnesium [12]. Moreover, as it was revealed in Ref. [13],
the intermetallic compounds CuMg2 and Cu2Mg can grow in Cu/Mg
diffusion couple only at temperatures above 200 C. Therefore, we
came to the conclusion that annealing at 200С would not lead to
the formation of new phases at the Cu/Mg interface.
The volume fractions of Cu and Mg in each of the studied
composites are listed in Table 1. To obtain these results, we took the
sizes of the Cu-containers and Mg-filaments before the hydro-
extrusion. Based on the volume fractions of copper andmagnesium,Fig. 3. Schematic diagram showing the process of making a composite rod with
2730Mg-filaments in the Cu-matrix.
Fig. 4. Views of the Cu/1Mg-composite makes: on the right-hand side e the rod of
3mm in diameter after hydroextrusion; on the left-hand side e the wire of 0.25mm in
diameter, which was made from the rod by drawing.
A.Yu Volkov et al. / Materials & Design 185 (2020) 108276 3their contents inweight and atomic percent were calculated in each
of the studied composites (Table 1).
The Cu/Mg-ratio in the composites can be compared with the
phase diagram (see the red lines in Fig. 1). The composition of the
Cu/1 Mg-composite is on the left of the eutectic composition
(76.9 at.%Cu - 23.1 at.%Mg) due to a surplus of magnesium. The Cu/
7 Mg-composite contains much less magnesium and this compo-
sition is in the region of the fcc-Cu(Mg) solid solution at high
temperatures, but the two-phase structure (fcc-Cu(Mg) þ Cu2Mg)
forms in it during the cooling. The content of magnesium in the Cu/
2730Mg-composite is very low. The single-phase fcc-Cu(Mg) solid
solution (Fig. 1) is formed in the alloy of such a composition.
The electrical resistivity of the samples 0.25mm in diameter
was measured by the four-probe technique at direct current of
20mA. The absolute deviation of the electrical resistivity mea-
surements was found to be Dr¼± 0.04 108Um. The strength
properties of the composite wire of 1.5mm in diameter and 30mm
long were checked by tensile testing using an Instron 5982 test
machine with the strain rate equal to 3mm/min. QUANTA 200 FEI
and INSPECT F scanning electronic microscopes (SEM) were used to
characterize microstructure of the composites. The X-ray diffrac-
tion (XRD) analysis was performed using a Rigaku DMAX 2200
diffractometer by the method of continuous recording at a speed of
4. CuKa radiation was monochromatized with a graphite single
crystal.
In the course of our investigation, we worked with samples
having different deformation strains. As a rule, the true strain (e) is
defined by equation [14]:
e ¼ ln ðSo=Sf Þ; (1)
where So and Sf are the initial and final cross section areas of the
sample, respectively. However, in our case, formula (1) may be used
to evaluate the true strain of the Cu/1Mg-composite samples only.
Indeed, we repeated the deformation processing cycle a few times
and the diameter of the sample increased whenwemoved from the
Cu/1Mg-composite to the Cu/7Mg-composite (and also when we
moved from the Cu/7Mg-composite to the Cu/2730Mg-compos-
ite). Obviously, in our case, So and Sf in eq (1) are the initial and final
cross section areas of the Mg-filament that makes it difficult to use
this formula.
For easy estimating the accumulated deformation strain (h) in
our composites, we upgraded formula (1). The details of this pro-
cedure can be found in Appendix A.Fig. 5. Structure of the as-extruded Cu/7Mg-composite rod of 6mm in diameter.3. Results
3.1. Microstructures of the composites
Fig. 4 shows two Cu/1Mg-composite samples. In the right part
of the Fig. 4, there is an extruded rod with 3mm diameter. In the
left part of Fig. 4, there is a thin wire of Ø0.25mm obtained by
drawing of the rod. In order to show the shining magnesium core,
the copper matrix was intentionally removed from the tip of this
wire.Table 1
The Cu/Mg-ratio in the obtained composites.





Cu/2730Mg 2730 97.9The typical microstructures of the as-extruded rods of the Cu/
7Mg-composite and Cu/2730Mg-composite are illustrated in Fig. 5
and Fig. 6, respectively. It is clearly seen that the cross section of the
Mg-filaments is changing from round in the Cu/7Mg-composite to
oval in the Cu/2730Mg-composite. This is due to a change in the
material forming mechanisms with a change in the deformation
process.
The Cu/7Mg-composite rod in Fig. 5 was obtained by hydro-
extrusion, i.e. the deformation of the Mg-filaments inside the Cu-
matrix took place practically under the conditions of all-round
compression. In this case, the Mg-filaments kept their cylindrical
shape. In turn, to obtain the Cu/2730Mg-composite in Fig. 6a the
extruded Cu/7Mg-composite rod was drawn up to thin wire of
0.5mm in diameter (Fig. 6b). The deformation by drawing goes
together with a strong tangential flow of the outer layers of the
material. It causes a change in the shape of the outer 6Mg-fila-
ments in the Cu/7Mg-composite from round to curved ellipse.nstituent metals
% Wt. % At. %
Mg Cu Mg Cu Mg
44.5 86.4 13.6 70.9 29.1
8.6 98.2 1.8 95.3 4.7
2.1 99.6 0.4 98.9 1.1
Fig. 6. Structure of the as-extruded Cu/2730Mg-composite rod of 6mm in diameter:
(a) cross section view and (b) zoom of the central area of the microstructure shown in
(a).
Table 3






A.Yu Volkov et al. / Materials & Design 185 (2020) 1082764However, the Mg-filament, which is located in the center of the
Cu/7Mg-composite, is under all-round compression conditions
even at drawing. Almost all these Mg-filaments remain round in
the Cu/2730Mg-composite (Fig. 6b).
It is clearly seen in Figss. 4e6 that, when the number of the Mg-
filaments rises, the volume fraction of Mg dramatically drops.
Above, we obtained the same result based on calculations (see
Table 1). It is known that the ratio of components does not play a
critical role in the formation of composite materials. As it was
shown in Ref. [15], the structure and properties of composites
greatly depend on the nature of the constituent metals and indi-
vidual layer thicknesses. Therefore, it is necessary to take into ac-
count the diameter of Mg-filaments and the area of all interfaces.
For each of the investigated composites the interface surface
area per unit volumewas calculated (Table 2). It was determined as
the ratio of the sum of the perimeters of all Mg-filaments to theTable 2
Diameters of Mg-filaments and volume fractions of the Cu/Mg-interface in different sam
Composite Workpiece (before hydroextrusion) Wire Ø1.5mm (for th
Mg-filament
diameter, mm






Cu/1Mg 12 0.15 1.0 1.7
Cu/7Mg 2 0.12 0.14 1.7
Cu/2730Mg 0.047 1.13 0.003 14cross-sectional area of the composite sample.
The calculations were performed for composite samples with 3
different cross sections: the workpiece before hydroextrusion, the
wire with 1.5mm diameter (they are samples for the mechanical
test) and the thinwirewith 0.25mmdiameter (they are samples for
the resistometric study). The calculations performed show that the
area of Cu/Mg interfaces grows with the increase in number of the
magnesium filaments. It should be recalled that in the composites
under investigation, when the number of the Mg-filaments in-
creases, the volume fraction of magnesium decreases dramatically
(Table 1). Thus, the Cu/2730Mg-composite with the minimal
magnesium content has the highest interface surface area per unit
volume. The interface surface area is also affected by the change in
diameter of the composite. As shown in Table 2, the interface sur-
face area per unit volume of the composite increases almost two
orders of magnitude when the sample diameter decreases to
0.25mm.3.2. Densities of the composites under investigations
The density values of Cu/Mg-composites were determined
experimentally using the bars with a diameter of 6mm. The density
of the Cu/1Mg-composite is equal to 5.5 g/cm3. It is significantly
lower than that of the pure copper. Higher copper content in the Cu/
7Mg-composite leads to an increase in its density up to 7.6 g/cm3.
The density of the composite containing 2730Mg-filaments (~ 8.7 g/
cm3) has a little difference compared to that of the pure copper. All
the obtained results are summarized in Table 3.
However, the densities of the investigated composites are easy
to calculate using the volume fractions of the components from
Table 1. The results of these calculations are also listed in Table 3. It
has been found that there is some difference between the experi-
mental density and the calculation results. The simplest explana-
tion of such divergences may be as follows. For our calculation, we
took the sizes of the Cu-container andMg-(or Cu/Mg-) wires before
hydroextrusion. However, during the deformation of the Cu/Mg-
composites, the copper is flowing somewhat faster than the mag-
nesium. As a results, after hydroextrusion, the tailpiece of the
composite rod consists of the Cu-sleeve only without the Mg-core
inside it. We cut off this part as a waste. Based on these argu-
ments, it is possible to conclude that the volume fractions of copper
and magnesium listed in Table 1 are accurately determined for the
non-deformed workpieces only. The Cu/Mg-ratio will change a
little when making the composite rods and wires. As a result, the
densities of the same Cu/Mg-composites of different diameters willples of the studied composites.
e tensile tests) Wire Ø0.25mm (for the resistometric study)
lume fraction of the
/Mg-interface, mm1





A.Yu Volkov et al. / Materials & Design 185 (2020) 108276 5also be somewhat different. As a whole, the discrepancy between
listed in Table 1 and true values of the Cu/Mg-ratio in the com-
posites is small and can’t bring any mistakes in our results below.3.3. Mechanical properties of the Cu/Mg-composites
At present, there is established a clear relationship between the
mechanical properties of a composite and its constituents [1,7,16].
For example, in work [17], the rule of mixtures (ROM) was used, to
calculate the strength of bimetal composites based on Al and Mg
alloys. However, this approach has some limits. It was shown in
Ref. [17] that the ROM works well only if the layer thickness or the
filament diameter lays within the millimeter scale. Besides that, no
new phase should be formed at the interface during the process of
composite obtaining.
We decided to check the applicability of the ROM calculation for
the yield strength estimation of the deformed Cu/Mg-composites in
our work. It is very interesting, because the diameter of the Mg-
filaments changes significantly in the composites under investi-
gation (see Figss. 4e6). In addition, we believed that the interme-
tallic compounds are not formed at the Cu/Mg interface during the
fabrication of our composites.
Taking into account the views presented in Refs. [7,17], the yield
strength of the bimetal composite (scom) can be calculated by the
following equation:
scom ¼ sCu  VCu þ sMg  VMg (2)
where, sCu (sMg) and VCu (VMg) are the yield strength and volume
fraction of the Cu/Mg-composite constituents (note, that
VCu þ VMg¼ 1). As it was convincingly demonstrated in Ref. [17],
the way to measure the mechanical properties of each constituent
affects the deviation of the ROM predictions from the experimental
results. Therefore, it is very important to measure the strength of
the Cu- and Mg-samples directly cut from the composite but not
from monolithic products.
In order to obtain the accurate strength of deformedmagnesium
for the ROM calculations, we took the extruded Cu/1Mg-composite
rod, cut it lengthwise and pulled the Mg-core out of it. The copper
samples for testing were obtained by hydroextrusion according to
the scheme used in the preparation of the Cu/1Mg-composite
(Fig. 2). The calculated values of the yield strengths of the Cu/Mg-
composites and the results of their mechanical tests are shown in
Table 4.
In accordance with formula (2), the yield strength of the Cu/
1Mg-composite was estimated as s0.2z 237MPa. As shown in
Table 4, the mechanical tests of the Cu/1Mg-composite samples led
to a different result s0.2¼ 290MPa. We believe that the experi-
mental result is largely deviate from the ROM calculation due to the
fact that the strain hardening behavior of Mg (with the hexagonal
close-packed crystal lattice) is quite different from Cu (with the face
centered crystal lattice). The same conclusion was made earlier by
the authors of [17]: the experimental flow curve of the bimetalTable 4




Yield strength, s0.2, MPa
Experiment Calculation Experiment Calculation
Copper (Cu) 1.83 e 350 e
Magnesium (Mg) 4.85 e 97 e
Cu/1Mg-composite 2.35 2.53 290 237
Cu/7Mg-composite 2.07 1.93 322 328
Cu/2730Mg-composite 1.84 1.85 381 346composite rod, fabricated from two Al-alloys, had good agreement
with the prediction, while that of the Al/Mg-composite showed a
great deviation from the calculated one.
The experimental and theoretical yield strengths of the Cu/
7Mg-composite were close (322 and 328MPa, respectively).
Probably, in this case, the mechanical properties of the samples are
mainly determined by the copper matrix and the contribution of
magnesium is insignificant due to the smallness of its volume.
However, this assumption does not work when considering the Cu/
2730Mg-composite. Based on the ROM calculations, the yield
strength of this composite should be slightly lower than that of
copper. However, the yield strength of the Cu/2730Mg-composite
is 381MPa and this value significantly exceeds the yield strength of
the extruded copper (350MPa). It may be concluded that the
experimental strength of the Cu/2730Mg-composite is abnormally
high. The elucidation of this phenomenon nature is of undoubted
scientific interest. As for practical application, only a good combi-
nation of high strength and low electrical resistivity will make the
Cu/Mg-composites interesting for that.3.4. Electrical properties of the Cu/Mg-composites
Work [15] gives a detailed review of the models, which have
been proposed before to describe the relationship between the
resistivity and the individual features of different composites.
Based on these results, in our work the electrical resistivity of the
as-extruded Cu/Mg-composites (rcom) were estimated according to
the known formula for the parallel conductors. It should be noted
that the electrical resistivity of numerous metallic composites is
determined by the defect scattering, phonon scattering, impurity
scattering, interface scattering, and grain boundary scattering [15].
It is important to take into account all above contributions to the
electrical resistivity of a composite when the thickness of the
constituent metal layers decreases to the nanolevel. As it is clearly
seen in Figs. 4e6 and Table 2, the diameters of the Mg-filaments in
our composites are very far from nanosize. Therefore, we ignored
the influence of any factors of scattering in determining of the
electrical resistivity.
The electrical conductivity of the Cu/Mg-composites was
determined by summing up the electrical conductivity of each
component of the composite taking into account its volume frac-
tion according to the formula:
1=rcom ¼VCu=rCu þ VMg=rMg (3)
where VCu and VMg are volume fractions of copper and magnesium
in the composite (see Table 1), rCu and rMg are specific electrical
resistivity of copper and magnesium.
By simple transformations of eq (3), we obtain the formula for
calculating the electrical resistivity of the Cu/Mg-composites:
rcom ¼ rCu  rMg = ðVCu  rMg þ VMg  rCuÞ (4)
Obviously, accurate calculations of the as-extruded Cu/Mg-
composites resistivity require using the resistivity values of the
SPD-samples of copper and magnesium. After the hydroextrusion
and drawingwith accumulated strain hz 6.0, the specific electrical
resistivity of the copper is: rCu¼ 1.83 108 Um. The electrical
resistivity of the Mg-core cut from the deformed Cu/1Mg-com-
posite rod is: rMg¼ 4.85 108 Um.
The results of the calculations are presented in Table 4. The
calculated value of the specific electrical resistivity of the deformed
Cu/1Mg-composite is: rCu/1Mgz 2.48 108 Um. It regularly drops
to rCu/7Mgz 1.93 108 Um in the Cu/7Mg-composite due to an
increased content of copper. The content of copper in the Cu/
2730Mg-composite is the highest. As a result, its specific electrical
Fig. 8. Resistometric study results of the deformed Cu/2730Mg-composite: tempera-
ture dependences of the electrical resistivity obtained during the heating (curve 1) and
cooling (2) and the temperature derivative (3), which corresponds to curve 1. The
heating and cooling rate is 120/hour.
A.Yu Volkov et al. / Materials & Design 185 (2020) 1082766resistivity (rCu/2730Mgz 1.85 108 Um) is estimated as the lowest
of all the investigated samples.
The theoretical estimates of the electrical resistivity were
experimentally verified by the resistometric study of the deformed
Cu/Mg-composite wires of 0.25mm in diameter (Table 4). In gen-
eral, it could be concluded that the method we used allows us to
estimate the electrical resistivity of the Cu/Mg-composite conduc-
tors with an acceptable accuracy. It is clearly seen that the accuracy
of our calculations increases with the amount of copper. Indeed, the
electrical resistivities of the deformed Cu/1Mg-composite and Cu/
7Mg-composite samples are somewhat different from the calcu-
lated values. The experimental value of the resistivity of the Cu/
2730Mg-composite is practically equal to the calculated one.
3.5. Temperature dependences of electrical resistivity
It is well known that the heat treatment induces changes in the
microstructuresof the constituentmetals of the composites and leads
to arising of new phases at their interface [18]. All these processes
affect the physical and mechanical properties of the composites.
Therefore, the temperature dependences of electrical resistivity upon
heating and cooling at constant ratesmake it possible to visualize any
structural or phase transformation taking place in the sample [19].
Moreover, a change in electrical resistivity in response to the heat
treatment is important to judge about the thermal stability of the
microstructure and properties of the composites.
Fig. 7 and Fig. 8 show the temperature dependences of the
electrical resistivity obtained at heating (curves 1) and cooling
(curves 2) of the deformed Cu/7Mg-composite and Cu/2730Mg-
composite, respectively. These figures also show the temperature
derivatives of the electrical resistivity versus the temperature, dr/dT
(curves 3), which are plotted only for the stage of heating (i.e. they
correspond to curves 1).
Three stages of the rapid resistivity growth at heating of the Cu/
7Mg-composite are clearly visible in curve 1 in Fig. 7. Obviously,
each of these stages is a response to any transformation in the
sample. In the dr/dT plot (curve 3), three narrow peaks correspond
to these stages. The peak intensity at 730С is so great that its top
was cut off. These peaks at ~490С, ~560С and ~730С fully match
the temperatures of the eutectic transformations in the phase di-
agram (Fig. 1). The eutectic transformations and formation mech-
anisms of microstructures on the Cu/Mg diffusion couple in a wide
temperature range were well-investigated earlier. At heating above
400С, two intermetallic compounds, Cu2Mg and CuMg2, are
formed in the Cu/Mg diffusion layer [6,20]. At 485С, the first
eutectic reaction takes place at the phase boundary of the CuMg2Fig. 7. Resistometric study results of the deformed Cu/7Mg-composite: temperature
dependences of the electrical resistivity obtained during the heating (curve 1) and
cooling (2) and the temperature derivative (3), which corresponds to curve 1. The
heating and cooling rate is 120/hour.intermetallic compound and Mg [13,21]. At further heating to
552С, the next eutectic reaction takes place at the Cu2Mg/CuMg2
phase boundary [6,13]. The eutectic reaction at 725С takes place at
the boundary of the Cu2Mg intermetallic compound and Cu-matrix
[2]. Therefore, the temperature dependence of the electrical re-
sistivity in Fig. 7 gives the complete idea of the processes that occur
at different temperatures at the Cu/Mg interfaces.
The resistometric study of the Cu/7Mg-composite (Fig. 7) does
not reveal any features at the melting point of magnesium (~
650 C). It allows us to conclude that, during the heating to this
temperature, all magnesium atoms took part in diffusion reactions
to form Cu2Mg and CuMg2 intermetallic compounds. In Fig. 7, it
should be noted that structural transformations realized at heating
of the Cu/7Mg-composite lead to a strong increase in its electrical
resistivity. Moreover, small increment of electrical resistivity is also
seen at the cooling stage from 750 to 730 C (curve 2 in Fig. 7). This
may be due to the ongoing dissolution of the Cu-matrix in the
molten eutectic. When cooled below the eutectic decomposition
temperature, the temperature dependence of the electrical re-
sistivity becomes linear. Therefore, there is no transformation in the
Cu/7Mg-composite at this stage. After cooling to room tempera-
ture, the electrical resistivity of the initially deformed Cu/7Mg-
composite increases almost two times (compare the position of the
starting point of curve 1 with the position of the final point of curve
2). It can be assumed that during this experiment a significant
amount of intermetallic phases with low electrical conductivity
was formed in the Cu/7Mg-composite.
Fig. 8 shows the results of the resistometric study obtained at
heating and cooling of the Cu/2730Mg-composite. These plots are
significantly different from that of the Cu/7Mg-composite (Fig. 7).
Indeed, the temperature dependence of the resistivity obtained
during heating (curve 1 in Fig. 8) does not have sharp visual changes.
Moreover, when heated to 450 C, the dependence is almost linear.
With further heating, electrical resistivity grows some faster. A very
wide peak on the dr/dT plot corresponds to this region, the peak
maximum being at ~530С (curve 3 in Fig. 8). During the cooling of
theCu/2730Mg-composite, theplotof the temperature dependence
of the resistivity has the linear form (curve 2 in Fig. 8). Also, a very
slight difference is in the resistivity values of the Cu/2730Mg-
composite before and after the experiment with heating of the
sample to 750 followed by cooling (Fig. 8).3.6. X-ray analysis
The X-ray diffraction patterns of the Cu/Mg-composites are
shown in Fig. 9a. These spectra were obtained from the centers of
Fig. 9. XRD-results: (a) the spectra of the as-extruded Cu/Mg-composites with 1, 7 and
2730Mg-filaments (diffractograms 1e3, respectively); (b) the visualization of the poor
Mg-peaks at the X-ray spectra of the Cu/7Mg-composite (it is a zoom of diffractogram
2 in (a) within the range of 2q from 30 to 62).
Fig. 10. XRD patterns of the copper (spectrum 1) and as-extruded Cu/2730Mg-com-
posite rods with different levels of deformation strain (spectra 2 and 3).
Fig. 11. Development of the lattice constant of Cu under deformation of the Cu/Mg-
composites.
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ray spectrum of the Cu/1Mg-composite contains both Cu-peaks
and Mg-peaks (spectrum 1 in Fig. 9a). In turn, only Cu-peaks are
clearly seen in the diffraction patterns of the composites with 7 and
2730Mg-filaments in Fig. 9a. However, the XRD-result in Fig. 9b
shows the presence of poor Mg-peaks against the background of
very intensive Cu-peaks in the diffractogram of the Cu/7Mg-com-
posite. Despite the fact that a big number of very fine Mg-filaments
are in the Cu/2730Mg-composite (see Fig. 6b), XRD spectrum 3 in
Fig. 9a does not show Mg-peaks in the corresponding diffraction
pattern. It indicates that, in this case, the fraction of magnesium is
below the detection threshold. Indeed, as shown in Table 1, the
magnesium content in the Cu/2730Mg-composite is very low.
In Fig. 9b, noteworthy is the absence of the (002)Mg peak.
Moreover, at the diffractogram of the Cu/1Mg-composite, the
(002)Mg peak also has a very low intensity (see spectrum 1 in
Fig. 9a). The absence of reflections from the basal planes indicates a
strong texture in the Mg fibers. Obviously, in this case, all the "c"
axes of the magnesium HCP lattice lie in the plane of the cross
section of the composite rod. The formation of the sharp radial
texture in the extruded rods of HCP-metals is well known [22].
As a whole, there is a very interesting feature in these XRD
patterns. The Cu-peak changes its position towards to higher angles
with increase in number of Mg-filaments and level of deformation
strain. It is clearly seen in Fig.10, where the X-ray diffraction pattern
of pure Cu (spectrum 1) is superimposed on the XRD patterns ob-
tained from the centers of the extruded Cu/2730Mg-composite
rods. For example, spectrum 2 in Fig. 10 was obtained from the
composite rod of 6mm in diameter with accumulated deformation
strain h¼ 13.7. The peaks are even more displaced after additional
deformation of this rod to Ø3 mm (spectrum 3 in Fig. 10). Theaccumulated deformation strain of this rod is h¼ 15.0. Besides, SPD
leads to broadening of XRD peaks due to the grain refinement and
introduction of lattice strain. The same effects were discovered in
Refs. [10,23] during the investigation of CueNb microcomposite
wires drawn to different strain values.
Based on the obtained XRD results, it was plotted a dependence
of the lattice constant of Cu from the deformation strain of the Cu/
Mg-composites under investigation (Fig. 11). It is well seen that the
lattice constant of Cu is decreasing when the deformation strain is
increasing.3.7. TEM investigation
To observe the microstructure of the Cu/Mg-composites under
investigation and confirm the solid solution formation at their in-
terfaces, the TEM-method was applied. The wires of 0.25mm in
diameter of the Cu/7Mg- and Cu/2730Mg-compositeswere taken as
samples for this observation. Such thin composite wires were used
for the resistometric study in our investigation (see Figs. 7 and 8).
The TEM-image of the microstructure of the deformed Cu/7Mg-
composite is shown in Fig. 12. The accumulated deformation strain
of this thin wire is he12.5. As it may be concluded from the plot in
Fig. 11, such a high deformation level leads to a noticeable decrease
in the lattice constant of Cu.
The long grains with widths from 100 to 700 nm are seen in
Fig. 12a. As it may be concluded from the selected area diffraction
pattern (SADP), all grains belong to the Cu-matrix only (Fig. 12b).
A part of the grains has a high density of dislocations, which is
Fig. 12. Microstructure of the thin Cu/7Mg-composite wire with accumulated deformation strain he12.5: (a) bright field image of a typical microstructure; (b) selected area
diffraction pattern of the microstructure (a): all rings correspond to fcc-Cu.
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[18,24,25]. The presence of extinction contours is clearly seen at
the boundaries of these grains. It indicates that the grain bound-
aries and border areas are in a non-equilibrium state. The other part
of the grains in Fig. 12a is almost dislocation-free. It may be
concluded from this result that the processes of recrystallization
are actively proceeding in the Cu-matrix during room-temperature
SPD.
In the SADPs, which were obtained from the deformed Cu/7Mg-
composite, all the reflections were smeared azimuthally not more
than 3 (Fig. 12b). We cannot find any phase other than copper in
this sample (Fig. 12b). Moreover, the separation of the Cu-
reflections or any additional reflections was not revealed. Howev-
er, according to the measurements using the SADP in Fig. 12b, the
lattice parameter of the Cu-matrix in the strong deformed Cu/7Mg-
composite is: a¼ 3.528 Å. Note that at the beginning of the study
we measured the lattice parameter of the copper, which was used
for making matrix in our experiment. The obtained value is
aCu¼ 3.6179 Å (see the left point in Fig. 11). It may be concluded
that the lattice parameter of the Cu-matrix decreases noticeably
under SPD when making the thin Cu/7Mg-composite wire. This
result is a good match with the XRD-data in Fig. 11.
The microstructure of the deformed Cu/2730Mg-composite is
shown in Fig.13. A significant contrast is seenwithin the long grains
of the Cu-matrix (Fig. 13a,d). This contrast is caused by strong lat-
tice distortions and a big number of dislocations both inside the
grains and at the grain boundaries. The recrystallized grains are also
observed in the microstructure of this composite.
We did not observe the Mg-filaments inside these two com-
posites. This is mainly due to the rapid dissolution of magnesium in
the electrolyte when preparing the Cu/Mg-samples for TEM-
investigations. Therefore, only in some cases we were able to
observe traces of magnesium and inclusions of the CuMg2 inter-
metallic phase (Fig. 13b,d).
4. Discussion
The obtained results are of a significant scientific and practical
interest. For example, the deformed Cu/2730Mg-composite with
minimal magnesium content has not only a low electrical resis-
tance but also demonstrates a high strength. Moreover, the com-
parison of the plots in Figs. 7 and 8 allows concluding that the
mechanisms of structure formation during the heating of the Cu/
7Mg-composite and Cu/2730Mg-composite are significantly
different. To clarify the features of the property formation of these
composites, the structural transformations on their interfaces have
to be studied in details. We have already started the structural in-
vestigations of the Cu/Mg-composites [26,27]. However, it seems
that the results described above in combinationwith literature dataare quite sufficient to understand the processes that occur in the
composites under investigation.
Indeed, the discovered change in the lattice constant of Cu un-
der the deformation of the composites may be related to dissolu-
tion of the Mg-filaments in the Cu-matrix. This feature is typical for
the severe deformed composites. For example, the Nb dissolution in
Cu (and vice versa) and related changes in the lattice constants of
Cu and Nb were found during the deformation of the Cu/Nb-
microcomposites [14]. Based on our results, we can conclude that
the formation of SPD-induced Cu-based solid solution takes place
on the Cu/Mg-interfaces in the process of making the composites.
From this viewpoint, it would be also interesting to investigate the
change in the lattice constant of Mg under deformation of the Cu/
Mg-composites. However, it is not possible due to the fast disap-
pearance of the Mg-peaks in XRD-patterns caused by the low
content of magnesium in our composites (see Fig. 9).
As it is known from Ref. [6], in the Cu/Mg couple the diffusion of
Cu-atoms is faster than that of Mg. In addition, it was revealed in
Ref. [20] that CuMg2 in Cu/Mg super-laminates composites can
grow with a sufficient growth rate at low temperatures (less than
200 C). These conclusions were made based on the results of ex-
periments with heating the deformed Cu/Mg diffusion couple. We
also observe the formation of the CuMg2 intermetallic phase at the
interface of the Cu/Mg-composites (Fig. 13). However, the thin wire
of Cu/2730Mg-composite that we investigated was obtained by
SPD at room temperature. There are no reports in the literature on
the accelerated diffusion ofmagnesium into copper (and vice versa)
and formation of the CuMg2 intermetallic phase in the Cu/Mg-
couple as a result of the room-temperature SPD.
We believe that the formation of the Cu-based solid solution is
actually the result of strain-induced effects rather than traditional
diffusion mechanisms at the Cu/Mg-interfaces. Indeed, as we have
already described above, it was observed that the copper sleeve
was flowing faster that the magnesium core during the cold
hydroextrusion of the composites. This phenomenon can be
explained by the difference in the deformation mechanisms of Cu
with its face-centered cubic crystalline structure andMg, which has
the hexagonal close packed lattice. This observation allows the
conclusion that strong shear strains arise in the process of making
Cu/Mg-composites. These deformation strains are very high and
can be comparable with the ones that are realized using such a
known SPD-method as high-pressure torsion (HPT) [9,28]. For
example, the accumulated deformation strain of the Cu/2730Mg-
composite wire of 0.25mm in diameter used for the resistometric
study (Fig. 8) is hz 20.0. Such severe deformation and shear
strains can lead to the synthesis of non-equilibrium phases
[9,28,29].
Defining the composition of the new phases and clarifying the
ratio of these phases in different sections of the mixed layer on the
Fig. 13. Microstructure of the thin Cu/2730Mg-composite wire with accumulated deformation strain hz 20.0: (a) bright field image; (b) SADP of the microstructure (a), the arrow
indicates the reflection <101> of the CuMg2 intermetallic phase; (c) dark-field image with g¼<111> of copper: (d) dark-field image with g¼<101> of the CuMg2 intermetallic
phase.
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However, using our results of the resistivity measurements, it is
possible to do some assumptions. For example, copper-based solid
solutions with different contents of solute elements were many
times investigated before by resistometric methods [3,11,30]. It is
established that the temperature dependence of the electrical re-
sistivity of such alloys has a linear form [11,30]. The low tempera-
ture part of curve 1 in Fig. 8 also has a linear form. Nevertheless, a
wide peak in the dr/dT dependence near ~530С indicates some
transformation within this temperature interval. This temperature
coincides with the temperature of formation of the fcc-Cu(Mg)
solid solution from the two-phase structure (fcc-
Cu(Mg)þ Cu2Mg) of the alloy which has just the same composition
as the Cu/7Mg-composite (see Fig. 1 and Table 1). Indeed, to obtain
the Cu/2730Mg-composite we inserted 390 thin wires of the Cu/
7Mg-composite in the Cu container. Obviously, almost all magne-
sium filaments should have been dissolved in the copper matrix to
form the solid solution of the composition near 95.3Cu-4.7Mg
(at.%).
In our opinion, the following structural processes take place in
the thin wire of the Cu/2730Mg-composite. A supersaturated Cu-
based solid solution is formed in the core of this composite wire
after SPD with accumulated deformation strain hz 20. During the
resistometric study, the decomposition of the supersaturated solid
solution with precipitation of the Cu2Mg phase takes place at the
first stage of heating. With further heating, a single-phase fcc-
Cu(Mg) solid solution is formed in this composite from two-phase
structure (fcc-Cu(Mg) þ Cu2Mg) in the temperature interval from
~450 to ~600С. As the peak in the dr/dT dependence is wide (curve
3 in Fig. 8), it is obvious that different Cu-based compositions are
formed in the core of this composite instead of a big number of thin
Cu/7Mg-composite wires. Within the high-temperature interval,
the Mg-content in the core is fast decreasing due to Mg dissolution
in the thick-wall of the Cu-sleeve because of the diffusion pro-
cesses. As a result, the temperature dependence of the electricalresistivity in the process of cooling (curve 2 in Fig. 8) has a linear
form that is typical for single-phase alloys [30].
The assumptions put forward here are completely consistent
with the obtained experimental results. Indeed, the XRD-patterns
(Fig. 10) and the change in the lattice constant during the plastic
deformation (Fig. 11) point to the formation of a Cu-based solid
solution in the core of the deformed Cu/2730Mg-composite. The
position of the wide peak in the dr/dT dependence (curve 3 in
Fig. 8) allows approximate composition determining of this solid
solution. Based on these results, the conclusion may be that 2730
fibers of the supersaturated Cu-based solid solutionwere formed in
the deformed Cu/2730Mg-composite instead of 2730Mg-fila-
ments. As it was shown in Ref. [2], supersaturation with Mg pro-
vides excellent performances for solid-solution copper alloys,
which is represented by an enhancement of strength. Therefore, the
formation of the supersaturated Cu-based solid solution in the core
of the deformed Cu/2730Mg-composite allows explaining its high
mechanical properties.
It should be emphasized here that the above description of the
structure of highly deformed Cu/2730Mg-composite is somewhat
simplified. We did not consider here the effect of a small amount of
pure magnesium, which we occasionally observed during the TEM-
investigations. Neither did we take into account the presence of the
CuMg2 intermetallic phase at the composite interfaces (Fig. 13). Of
course, both pure magnesium and the CuMg2 intermetallic phase
will contribute to the evolution of the microstructure and proper-
ties during heating of the Cu/2730Mg-composite. However, as
follows from the results of the resistometric study in Fig. 8, this
contribution is small.
The question remains of why the Cu/2730Mg-composite has a
very low electrical resistance. Indeed, it is known from Refs. [2e4]
that solid-solution CueMg alloys exhibit poor electrical conduc-
tivity. Any solutes dissolved in copper act as electron scattering
centers, and when their number increases, the electron mean free
path decreases [3]. For example, a strong decrease in the electrical
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work [2]. As we believe, the Mg-content in the core of the Cu/
2730Mg-composite is very close to that in the Cu-4.1 at.%Mg alloy
which was investigated in Ref. [2]. Nevertheless, the electrical re-
sistivity of the Cu/2730Mg-composite is just a little different from
the electrical resistivity of copper (Table 4). Themain reason of such
differences is the design of the composite.
It is well seen in Fig. 6a that the Cu/2730Mg-composite has a
thick sleeve of pure copper. This Cu-sleeve will actually determine
the electrical resistivity of the whole composite. It follows from the
formula for calculating the electrical resistivity of the parallel
conductors (4), where the conductor with the lowest resistivity
makes the major contribution. These considerations are confirmed
by the results of our resistometric study. Indeed, the electrical re-
sistivity of the Cu/2730Mg-composite increases a little after the
experiment with heating of the sample to 750 followed by cooling
(Fig. 8).
As it follows from Table 1, the composition of the Cu/2730Mg-
composite is: 98.9 at.%Cu - 1.1 at.%Mg. The electrical resistivity of
the solid-solution CueMg alloy with magnesium content of about
1,1 at.% is re2.2 108 Um [3], which is very close to the electrical
resistivity of the Cu/2730Mg-composite sample after heating and
cooling in Fig. 8. It may be concluded that a fast dissolution of
magnesium in the Cu-sleeve at high temperature results to the
transformation of the Cu/2730Mg-composite into the single-phase
Cu-based solid solution. However, the electrical resistivity of the
deformed Cu/2730Mg-composite in the beginning of this experi-
ment is lower than that of solid-solution CueMg alloy of the same
composition resulted after heating and cooling.
One issue remained unresolved during this study. For
example, we observed the gradual disappearance of Mg-peaks
under SPD of the Cu/7Mg-composites (Fig. 9). During the TEM-
investigations, we only occasionally met traces of magnesium
(Fig. 13). The temperature dependence of the electrical resistivity
during heating of the Cu/2730Mg-composite has a linear form
up to ~450 C (Fig. 8) that is typical for single-phase alloys [28].
All these results fit well the model, which we suggest, of Mg-
filaments dissolution in the Cu-matrix under SPD of the Cu/
Mg-composites. However, it is known, that the lattice param-
eter of Cu somehow increases at alloying with magnesium [31].
This contradicts our data. In our case, the dissolution of mag-
nesium in the Cu-matrix leads to a decrease in lattice parameter
of copper (Figs. 11 and 12).
Of course, the authors of work [31] studied the structure of
CueMg solid solutions in the equilibrium state. In turn, the struc-
tural state of the Cu-based solid solution formed in our highly
deformed Cu/Mg-composites is extremely non-equilibrium. The
formation of a number of metastable CueMg phases was also noted
in Ref. [31]. It can be assumed that the evolution of the micro-
structure at the interface of the Cu/Mg-composites under SPD is
rather complicated and, possibly, proceeds with the formation of
non-equilibrium and/or metastable phases. To understand the na-
ture of the detected phenomenon, a separate large study of samples
of the Cu/Mg-composites annealed at different temperatures is
required. However, in the presented work, we considered only
deformed composited rods and wires.
Thus, the hypothesis about the formation of the non-
equilibrium Cu-based solid solution explains rather well the com-
bination of the abnormally high strength and low electrical re-
sistivity obtained in the severely deformed Cu/Mg-composites. In
the near future, we plan to complete the corresponding micro-
structural studies. In conclusion, note that, in terms of combination
of the mechanical and electrical properties, the deformed Cu/
2730Mg-composite is rather competitive in relation to the
Conform-produced CueMg-alloys with ultrafine-grained struc-
tures [4].5. Conclusions
The study led to a number of interesting results. For example,
our comparisons of the experimental strength with its theoretical
estimation showed that the accuracy of the calculation is minimal if
the volume fractions of the constituents are close. However, the
accuracy of the theoretical estimate increases with an increase in
the volume of any constituent of the composite. At the same time, it
was confirmed that all model approaches have many limitations
and, therefore, the results of such calculations should be treated
with caution. The pronounced discrepancy remarked between the
experimental and calculated yield strengths of the Cu/1Mg-com-
posite may be caused by the fact that the strain hardening behavior
of Mg (with the hexagonal close-packed crystal lattice) is quite
different from that of Cu (with the face centered crystal lattice).
Moreover, the mechanical tests of the deformed composites
revealed that the efficiency of the theoretical estimation of the
strength is highly dependent on the volume of new phases formed
at the Cu/Mg-interfaces. In turn, the known formula for the parallel
conductors, which we used, allowed us to estimate the electrical
resistivity of the Cu/Mg-composites with an acceptable accuracy.
The paper shows that SPD by hydroextrision followed by
drawing leads to high mechanical properties of the Cu/Mg-
composite, which contains 2730Mg-filaments. The electrical re-
sistivity of such an SPD material is only slightly higher than the
electrical resistivity of copper. To explain the observed phenomena,
we put forward an assumption about the formation of a supersat-
urated Cu-based solid solution at the Cu/Mg-interfaces during SPD
of the composites. It is caused by severe deformation and shear
strains, which arise in the process of making our composites and
can lead to the formation of mixed CueMg layers at the interfaces
far beyond the equilibrium solution. This high-strength supersat-
urated solid solution inside the composite increases its strength
and the thick Cu-sleeve provides low electrical resistivity. If this
hypothesis is true, then a significant increase in the number and/or
volume fraction of thinMg-filaments will make it possible to obtain
a high-strength Cu/Mg-composite with low electrical resistivity.
We have already begunworking in this direction and obtained a Cu/
Mg-composite, which contains about one million fine magnesium
filaments.
The Cu/Mg-composites we have studied may be of interest not
only as conductors of electric current. For example, the CuMg2
intermetallic compound has promising hydrogen absorption/
desorption properties. Obviously, the CuMg2 intermetallic com-
pound can be easily formed in our Cu/Mg-composites by heating to
~500 C (Fig. 7). Moreover, this intermetallic compound will be
located inside the copper shell, which facilitates its practical
application.
The next possible application of our development is related to
biomedical applications. As is known, Mg-based alloys are very
attractive as biocompatible and biodegradable metallic materials.
The practical use requires various products of Mg-based alloys,
including extra-fine wires, which may be used as implants in bone
repair procedures and as cardiovascular stents in angioplasty. The
technology developed by us is quite suitable for these purposes.
Indeed, long and extra-fine Mg-wires can be obtained from Cu/Mg-
composites by removing the Cu-matrix (for example, by chemical
etching).
Thus, the results of the study are of interest in terms of devel-
oping new technologies in different areas.
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Appendix A. Estimation of the deformation strain
To estimate the accumulated deformation strain (h) in the
composites, we used the following equation:
h¼ e Cu=1Mgcomposite þ e Cu=7Mgcomposite
þ e Cu=2730Mgcomposite; (A1)
where (e) is the true strain of any composite under investigation.
e¼ 2ln ðdo=df Þ; (A2)
where do and df are the initial and final diameters of the composite
wire, respectively. In this case, the deformation strain of the Cu/
7Mg-composite can be found by equation:
hCu=7Mgcomposite ¼ 3:6þ 2ln ðdo=df Þ; (A3)
where 3.6 is the true strain of the Cu/1Mg-composite accumulated
during the deformation from diameter 18mm to diameter 3mm (it
is designated as eCu/1Mg-composite in formula (A2)). Respectively, the
deformation strain of the Cu/2730Mg-composite is found by
equation:
h¼3:6þ 7:5þ 2ln ðdo=df Þ; (A4)
where 7.5 is the true strain of the Cu/7Mg-composite accumulated
during the deformation from diameter 21.5mm to diameter
0.5mm (it is designated as e Cu/7Mg-composite in formula (A1)).
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